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Switchable-band shared-aperture slot-ring antennas with wide bandwidth and polarization 
agility are explored in this article for phased array applications. A common antenna aperture 
can be reconfigured between S-band and C-band arrays using PIN diode switches. A new 
arraying technique is implemented herein to achieve reconfigurable polarization states. 
Within each array element, only one port is needed to realize reconfigurable polarization 
states by providing appropriate phases to each port.  Compared with the state of the art, this 
arrangement can reduce the number of ports of a large phased array by half, therefore 
significantly reduce the cost and complexity, eliminate the isolation between ports for 
orthogonal polarizations and improve the antenna efficiency.   
Firstly, the arraying technique is used on a reconfigurable slot-ring antenna, exhibiting 
39.4%/38.3% fractional bandwidth (FBW) at S/C-band state. In order to demonstrate the 
arraying technique inside an array, a 2×2 S-band/4×4 C-band band-switchable wideband 
dual-polarized array is presented, fabricated and measured. This array shows 46.2%/52.6% 
FBW and 7.4-10.4/10.9-14.2dBi realized gain at S/C-band state.  
Secondly, a dual-wideband AMC is investigated and codesign with the antenna as a reflector 
to provide in-phase reflections in the two bands. The mutual couplings between the dual-band 
ports are reduced by a switchable microstrip feeding lines. The antenna/array exhibit octave 
bandwidth coverage (2.0-4.0/4.0-8.0GHz) with boresight realized gains from 5-8/5-12dBi at 
S/C-band state, respectively. The average mutual couplings between the two operation bands 
are -35dB/-25dB at S-/C-band state. 
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Thirdly, a tri-band reconfigurable slot-ring antenna/array is presented. A single S-band 
antenna element can be switched to a 2×2 C-band array or a 4×4 X-band array, exhibiting 
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CHAPTER 1:  INTRODUCTION 
1.1 Motivation 
1.1.1 Phased Array and Multifunctional Array Introduction 
Phased arrays are widely used in the modern communication systems [1]-[10]. In the long-
distance communication systems [11]-[16], such as satellite network, the large free space pass 
loss (FSPL) can significantly deteriorate the signal-to-noise ratio (SNR), limiting the 
communication quality.  The phased array can provide high gain to compensate the FSPL, 
improving the channel capacity. Also, the flexible multiple beams of the phased array allow 
the ground terminal to track the multiple satellites at the same time. In the modern cellular 
network [17]-[19], vast of portable devices, such as cell phones, tables, laptops, or vehicular 
systems start occurring, which create explosive data rate demand for the current 4G/LTE 
network. Thus, in the next generate cellular system (5G) [20]-[25], the operation frequency 
goes to millimeter wave, largely enhancing the bandwidth for each user. However, the 
increasing frequency can result in larger FSPL, which degrades the SNR of the received 
signals. The phased array can not only offer high gain to increase the SNR, but also enable 
the capability of multiple users tracking through the beamforming technique.  
Unfortunately, the phased array is usually designed for a specific application, operating at a 
given frequency and a polarization state, which cannot be reused in other applications. 
Meanwhile, it is time consuming and costly to develop a phased array. Thus, the 
multifunctional phased array has attracted a lot of attention in the research area recently, 
which has the flexibility in terms of frequency, bandwidth, polarization state or radiation 
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pattern. With slight modification on the multifunctional phased arrays, they can be easily 
adopted into different applications, saving the development time and cost. Typically, a 
multifunctional array can be realized by an ultra-wideband (UWB) array [26]-[28] or a multi-
band [29][30]/switchable-band [31] array. 
For a UWB phased array, there is a trade-off regarding the element spacing. If the half 
wavelength requirement is met at the higher frequency, then the elements are too close to 
each other at the lower frequency, which can result in large mutual couplings among adjacent 
elements and limit beam steering capability. However, if the half wavelength is maintained at 
the lower frequency, the element spacing can become too large at the higher frequency, 
creating grating lobes during beam scanning. Thus, by dividing an ultra-wide bandwidth into 
a few separate wide bandwidths, the multi-band [30]/switchable-band [31] phased array can 
also cover wide bandwidth. The radiation aperture at each band is fed by separate feeding 
lines, so that the proper element spacing can be maintained at different frequency bands, 
avoiding the element spacing issue for the UWB phased array. 
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1.1.2  Band-Reconfigurable Dual-Polarized Shared-Aperture Slot-Ring Phased Array   
 




A reconfigurable shared-aperture slot-ring phased array is proposed in [31] as a 
multifunctional phased array. As shown in Figure 1, the antenna array can switch between S- 
and C-band states by physically changing the radiation aperture with PIN diode switches. 
Fractal shapes are incorporated into the radiation aperture to realize the octave bandwidth 
coverage for the slot-ring antenna. The ground plane of the slot-ring antenna is designed to be 
a narrow strip, which is good for modularity and gain improvement. In order to support dual 
polarizations, each S-band element has 2 S-band and 8 C-band feeding lines.  With so many 
ports crowdedly fitting into the same radiation aperture, the mutual couplings among the 
ports are large, which degrade the antenna efficiency. Especially, the mutual coupling 
between the two ports for two polarization states inside one antenna element become 
significant. For example, Sa1a2/Sa5a7 at S/C-band state can be as high as -5/-4dB, which greatly 
limits the usable bandwidth of the array. Thus, a mutual coupling reduction technique, which 
has a compact dimension and potentially exhibits wide bandwidth, is required in the array to 
improve the antenna efficiency. 
1.2 Mutual Coupling Reduction Techniques for a Dual-Polarized Antenna 
Conventionally, two ports are needed for a dual-polarized antenna. The minimized mutual 
coupling between the two ports is desirable within the operation frequency to realize high 
antenna efficiency. A summary of various mutual coupling reduction techniques for dual-
polarized slot/slot-ring antennas is proposed in the following section. 
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1.2.1 Metallic and Slot Stub  
 
Figure 2: Configuration of the Dual-Polarized Square-Ring Slot Antenna [32]. 
As shown in Figure 2, the slot-ring antenna is fed by two microstrip lines, operation from 3.0-
12GHz. A metallic stub is inserted in the slot, and a similar slot stub is cut on the center patch 
area to improve the mutual couplings. Then isolation between port 1 and 2 is better than 
20dB across the operation frequency. This method can improve the isolation between the 
orthogonal ports. However, the metallic stub and slot along the diagonal direction can radiate 
certain amount of energy, so that the cross-pol level at the boresight radiation can be 
deteriorated, which is not ideal for the phased array application. 
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1.2.2 Slot Antenna with a compact CPW and Microstrip Feeding Method 
 
Figure 3: Configuration of the dual-polarized slot antenna with a compact CPW and 
microstrip feeding method [33]. 
The slot antenna in Figure 3 exhibits wide impedance bandwidth with dual polarization 
states. A coplanar waveguide (CPW) is used to excite a vertical polarization, and a microstrip 
line is used to excite a horizontal polarization. The mutual coupling between the two ports of 
orthogonal polarizations is controlled under 21dB across the operation band. Since the 
antenna is fed with two different feeding mechanisms, the bandwidth and radiation patterns 
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of the two polarization states can have significant difference. Besides, extra space is required 
for the microstrip line, so that it is difficult to apply this technique on the dual-polarized slot 




1.2.3 Antenna with the Switchable Polarization  
 
Figure 4: Configuration of the 2×2 reconfigurable-polarization array [34]. 
Mode A Mode B 
Mode C Mode D 
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A reconfigurable-polarization array is presented in [34] by changing the polarization state 
with switches. As shown in Figure 4, each antenna element can switch among four 
polarization directions at ±45o and ±135 o.  When all elements exhibit the same polarization, 
for example at 45o, the array will achieve linear polarization (LP) at 45
o (Mode A). 
Alternatively, when the four elements exhibit LP at ±45o and ±135 o, respectively, a 
monopulse radiation pattern can be realized (Mode C or Mode D). The array element uses 
switches to change the polarization state, so that the array can realize dual polarizations. Then 
only one port is needed for each array element. The mutual coupling between the orthogonal 
ports is completely removed. However, each antenna element needs 4 switches in order to 




1.2.4 A New Arraying Technique for Reconfigurable Polarization 
 
Figure 5: (a) The proposed 2×2 S-band/4×4 array.   
The mutual coupling reduction techniques in the section 1.2.1-1.2.3 require a lot of space to 
implement, which is not suitable for the shared aperture antenna. Thus, a new arraying 
technique is proposed herein to solve the aforementioned mutual coupling problem in [31]. 
As shown in Figure 5 (a), each S- or C-band antenna element only requires one port, having. 
a polarization state along the diagonal direction.  However, the resulting overall polarization 
of the entire array can be V, H, or even circular polarization depending on the phase of each 
port. The proposed array is suitable for active phased arrays in which each port is connected 
to a T/R module which can readily provide different phases of interest. Therefore, the 



















The mutual coupling between the ports of orthogonal polarization states no long exists. In 
addition, compared to the array in Figure 1, the mutual coupling between other ports is also 
significantly reduced since there are less ports inside the array. 
1.3 Dissertation Outline 
This dissertation explores the band-switchable dual-polarized shared-aperture antenna for 
multifunctional phased array applications. Chapter 2 presents the arraying technique in an 
antenna element to enable the polarization reconfigurablity with enhanced mutual coupling 
performance. In order to demonstrate this technique in an array, a 2×2 S-band/4×4 C-band 
wideband shared-aperture array with the proposed arraying technique is presented and 
demonstrated in Chapter 3. In Chapter 4, a dual-wideband artificial magnetic conductor 
(AMC) is codesigned with the band-switchable shared-aperture antenna element to realize 
octave bandwidth coverage and stable boresight radiation. In Chapter 5, a tri-band switchable 
antenna/array is presented. A single S-band antenna can be reconfigured into a 2×2 C-band or 




CHAPTER 2: ARRAY USING DIAGONAL FEEDING METHOD TO 
REALIZE DUAL POLARRIATIONS 
2.1 Introduction 
Wide-band antenna arrays are widely used in many applications such as high-resolution radar 
systems and high-data-rate communication systems. One concern for wide-band arrays is the 
element spacing: as the frequency increases, grating lobes rapidly arise in the pattern. Shared 
aperture antennas with multiple frequency bands in [29][35][36] have the potential to address 
this issue. However, the antenna in [35] is not suitable for beam steering applications due to 
the blockage of the top layer, while the element spacing of the antenna array in [29] is too 
small at lower frequencies, resulting in high mutual coupling between elements. The antenna 
in [36] maintains the beam scanning capability and an appropriate element spacing in each 
band while supporting a single linear polarization. 
Meanwhile, polarization diversity can reduce the effects from multipath fading and increase 
channel capacity. For a dual-polarized antenna, two separate feeding lines are usually 
required to excite two orthogonal modes [37]. However, since the two orthogonal feeding 
lines are close to each other, it is a challenge to control the isolation between them. In [31], 
the higher mutual coupling between the two orthogonal polarizations significantly limits the 
useable bandwidth of the antenna. In this chapter, a new arraying technique is proposed to 
achieve a shared-aperture phased array with wide FBW and reconfigurable polarization 
states, i.e. V, H, or circular polarization (CP), however, with one port for each antenna 
element. The polarization of each array element is along the diagonal direction. Nevertheless, 
the polarization of the entire array can be V, H, or circular polarization. The proposed 
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arraying technique can reduce the number of T/R modules into half or avoid complicated 
switching circuits if the same T/R module is shared by the two orthogonal ports; completely 
eliminate the mutual coupling between the two ports of orthogonal polarization states within 
each array element; greatly reduce the mutual coupling among other ports. Similar arraying 
techniques were presented in [34], but with significant distinctions. In [34], each antenna 
element can realize linear polarizations along the diagonal directions (±45°). In addition, at 
each polarization direction, the phase of the array element can be set to 0o or 180o. However, 
a complicated switching network is required for each array element. The overall 2×2 array 
can realize linear polarization (LP) along ±45° with either a broadside or monopulse radiation 
pattern. 
2.2 Antenna Configuration 
 
Figure 6: Schematic view of the wide-band dual-polarize frequency-reconfigurable slot-ring 
antenna element. 
Port 1 
Port 2 Port 3 






Figure 7: Simulated and measured (a) S11, (b)S21 at S-band state; (c). S22 and S33, (d)S12, (e) 
S23 at C-band state. 
(a) 



































































































The schematic of the reconfigurable slot-ring antenna is shown in Figure 6. The eight PIN-
diode switches are placed across the slots of the fractal-shaped slot-ring and a copper plate is 
positioned below the aperture to realize single-sided radiation. The five microstrip lines on 
the antenna aperture are connected to coaxial lines which pass through small holes in the 
copper plate. When all the switches are turned off, all the slots in the slot-ring are connected 
to form a long-meandered path. By feeding the element at Port 1, this antenna can operate 
from 2.75 to 4.1 GHz as shown in Figure 7(a). When all the switches are turned on, the slots 
in the antenna aperture are disconnected and four smaller meandered slots are formed; this 
2×2 slot-ring antenna array is fed by Ports 2-5. The return loss at Ports 2 and 3 is presented in 
Figure 7(b). In this state, this antenna array operates from 5.5 to 8.1 GHz. S22 and S33 are 
slightly different because of the presence of the microstrip line and coaxial cable at Port 1. It 
is noted that at some frequencies in both bands, the return loss is above 10 dB - this 
impedance matching can be improved by iterating upon the design.  
 







A new arraying technique is proposed herein at C-band state, in which four microstrip lines 
feed four smaller slot-ring antennas from the corners as shown in Figure 6. Either vertical or 
horizontal polarization may be realized by controlling the phase provided to Ports 2-5. As 
shown in Figure 8(a), when Ports 2 and 3 are in phase and Ports 4 and 5 are 180° out of 
phase, the fields from the four antennas cancel each other in the horizontal direction. 
Therefore, a vertically polarized 2×2 C-band array is realized.  Similarly, horizontal 
polarization can be achieved as illustrated in Figure 8(a). This arraying technique can also be 
used for the S-band state as shown in Figure 8(b).  
2.3 Results And Discussions 
Figure 7 shows the measured return loss at the S- and C-band states. When the antenna is 
excited from Port 1, the measurement results agree with the simulation results, with a slight 
shift in frequency. When the antenna array at the C-band state is excited at Ports 2-5, good 
agreement is also observed between the simulation and measurement for S22 and S33 as shown 
in Figure 7(b). The relatively large ripples in S33 may be attributed to fabrication tolerances 
and the physical implementation such as the soldering of the connection between the 
microstrip line and the coaxial cable. In Figure 7(c) and (d), the S12 at S or C-band state is the 
larger mutual couplings inside the antenna, which is considered as the loss. The measurement 
follows up with the simulation well. The S23 in Figure 7(e) at C-band state is the in-band 




Figure 9: Simulated and measured (a). E-plane and (b). H-plane at 2.9GHz of a single S-band 

















































































































































The simulated and measured radiation patterns of the single S-band antenna are shown in 
Figure 9(a) and (b), which indicates a tilted E-plane pattern at 2.9 GHz. This is largely due to 
the lack of symmetry caused by the existence of the coaxial cable for Port 1. This asymmetry 
also degrades the cross-pol. levels of the S-band antenna as shown in Figure 9(b). However, 
in the C-band state, these two problems do not exist since the physical symmetry is restored 
by using a 2×2 array. The simulated and measured radiation patterns of the 2×2 C-band array 
are presented in Figure 9(c) and (d) at 5.2 GHz and it is apparent that the radiation is directed 
towards the boresight. Cross-pol. levels better than 20 dB are observed for both states. From 
these results, it is reasonable to assume that the 2×2 S-band array shown in Figure 8(b) will 
have similar radiation pattern performance. It is noted that this antenna array can also exhibit 
circular polarization when the respective ports are provided appropriate phases. 
2.4 Conclusions 
A new arraying technique has been used to enable a wide-band dual-polarized frequency-
reconfigurable slot-ring antenna. It is demonstrated that for this wide-band frequency-
reconfigurable slot-ring antenna, the problem associated with the coupling between the two 
ports for V- and H-polarization is solved. However, it can be observed that this arraying 
technique requires each antenna element having a diagonal polarization. The S-band and C-
band element cannot enable diagonal polarization at the same time since the microstrip 
feeding cannot overlap. Thus, the array would require mechanical rotation during band 
switching, which can significantly reduce the switch speed. A new feeding method is 




CHAPTER 3: DUAL-POLARIZED SLOT RING ANTENNA USING 
DIAGONAL FEEDING METHOOD 
3.1 Introduction  
Recently, wide-band [38]-[45] and multi-band [46]-[53] phased array antennas have been 
demonstrated for various applications including wireless communications, remote sensing and 
radar. The wide coverage of either continuous or discrete frequency ranges allows them to 
support high data rates or multifunctional operations. Among these phased arrays, [42]-[45] 
and [50]-[53] could achieve dual polarization states. The ability to realize phased array 
antennas with wide frequency bandwidth and dual polarization enables shared-aperture phased 
arrays supporting various applications.   
Dual polarization is often realized by feeding orthogonal ports inside one dual-polarized 
antenna element, such as patch antenna[54], [55]or slot antenna [32], [56], [57]. Therefore, for 
an N×N array with dual polarizations, 2N2 feeding ports are required. Due to the large number 
of ports, mutual coupling between adjacent array elements as well as between the orthogonal 
ports within the same antenna needs to be small in order to achieve high antenna efficiencies. 
By comparing the dual-polarized antenna elements in [31], [36], [58]-[60], it is observed that 
in general the isolation between the orthogonal ports becomes progressively worse from 43 to 
17 dB when the fractional bandwidth (FBW) increases from 3.6 to 120%.   
A dual-polarized square slot-ring antenna was presented in [58]. The center frequency of 
this slot-ring antenna can be continuously tuned from 0.93 to 1.6 GHz, with an instantaneous 
FBW from 0.5% to 5%. The isolation between the two polarization states degrades from 34 to 
16dB when the operation frequency increases from 0.93 to 1.6 GHz. By introducing fractal 
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shapes into a slot-ring, FBWs up to 66.7% was achieved [61]. In [31], we demonstrated a 
shared-aperture antenna array which can switch between S and C bands, with the capability of 
supporting the entire frequency band (~66.7% FBW) at each state. The antenna element at each 
band has two ports, one for vertical (V) and the other for horizontal (H) polarization. Only the 
ports for one polarization can be used to realize the same polarization for the entire array. As a 
result, the 2×2 S-band/4×4 C-band array in [31] has 8 S-band ports and 32 C-band ports, 
respectively. Due to the combination of shared-aperture design and wide instantaneous 
fractional bandwidth (FBW), the limited isolations among different ports negatively impact the 
antenna efficiency. Particularly, the mutual couplings between the two orthogonal ports at S-
/C- band state is below -10dB/-7dB in most of the frequency range however reaches -5dB/-4dB 
at the worst case scenario. The overall efficiency of the array in [31] is approximately 50% for 
both bands, which is mainly due to the mutual coupling between the two orthogonal ports since 
the radiation efficiency was reported to be approximately 80% at S band and 90% at C band. 
In order to address this issue, an arraying technique is proposed in chapter 2 to achieve dual 
polarizations without this mutual coupling problem. However, the S-band and C-band 
microstrip feeding line cannot overlap, so that the physically rotation is required when the array 
switches the operation band, which reduces the switching speeding. 
In this chapter, a new feeding method is implemented in the S-band array element, so that 
the physically rotation of the array in chapter 2 can be avoided. In addition, in order to explore 
the performance of this arraying technique inside a large array, a 2×2 S-band/4×4 C-band array 
is designed, fabricated, measured and analyzed. The details of the proposed arraying technique 
and the antenna design are presented in Section II. The antenna fabrication and experimental 
results are demonstrated in Section III and IV, respectively. 
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3.2 Arraying Technique and Antenna Design  
3.2.1 Antenna Aperture Description And Biasing Network Design  
 
Figure 10: (a) Schematic of a switchable 2×2 S-band or 4×4 C-band slot-ring antenna array. 

































































































































































The dimension of the antenna is listed below: dx=9, Wa=83, Wm1=16, Wm2=1.27,  Wm3=0.1, 
Lm1=0.5, Lm2=20.3, Lm3=7.7, pw=2.86, pl=4.635, Lf1=5.4, Wf1=11, t1=0.22,  t2=0.11, 
t3=0.235, t4=1.4, Wfc1=3.45, Wfc2=4, Wfc3=3.57, Wfc4=3.85, Wfc5=2.5, Wfc6=1.33, 
Wmc1=1, Wmc2=0.25, Wmc3=1, Lmc1=11.6, Lmc2=1.65, g1=1.05, g2=0.88, g3=0.2, R=2.6 
and dg=16. All dimensions are in mm.). 
The geometry of the switchable S-/C-band antenna array using diagonal feeding is illustrated 
in Figure 10(a). An S-band antenna element and a zoomed-in C-band antenna element are 
shown in Figure 10(b) and (c), respectively. There are eight Skyworks DSM8100-000 PIN 
diode switches (highlighted in blue rectangles with dashed lines) inside the radiation aperture. 
When the PIN diode switches are turned ON (short circuit), the structure in Figure 10 (b) is 
divided into a 2×2 C-band array. On the other hand, when the PIN diode switches are turned 
OFF (open circuit), all the slots in the radiation aperture are connected, creating resonances 
inside the S band. The microstrip feeding lines for both S- and C-band antennas are shown in 
magenta color. The details of the antenna aperture and feeding line design will be presented in 
Section II (b, c). Similar to [31], a copper plate is placed 16 mm below the radiation aperture 
to realize a single-side radiation pattern as shown in Figure 10 (d). A transition from the 
microstrip line to coaxial line in the vertical direction brings the feeding ports to the backside 
of the array. This arrangement allows placement of electronics away from the radiation aperture 
and enables the modular design of a larger antenna array. In order to connect the coax outer 
(inner) conductor to the radiation aperture (microstrip line), the radiation aperture and 
microstrip lines are placed on the bottom and top of the antenna substrate, respectively. The 
coax inner conductor goes through a via inside the antenna substrate and then is soldered to the 
microstrip line. The coax outer conductor is soldered to the radiation aperture.  
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The biasing scheme for the PIN diode switches is described as follows. In Figure 10 (c), Areas 
I and II of the radiation aperture are separated and connected by the eight PIN diode switches. 
The DC voltage difference between Areas I and II can control the ON and OFF state of all PIN 
diode switches simultaneously. It is noted that Area II is grounded through the outer conductor 
of the S-band coax feeding which is located at the center of the S-band antenna element. Since 
the C-band coax outer conductor (ground) is also soldered to the radiation aperture, a circular 
gap is then cut surrounding the C-band coax feeding at the bottom right corner in Figure 10(c). 
Therefore, Area I is DC isolated from the ground. In order to provide a DC bias voltage for 
Area I with negligible effects on the RF performance, a bias wire is soldered to Area I right 
next to the C-band coax feeding line, which is shown as a blue dot in Figure 10(c) and blue 
wires in Figure 11. The circular ring gap, g3, should be sufficiently small in order to avoid 
unfavorably effects on RF performance. In ANSYS High Frequency Structure Simulator 
(HFSS) full-wave simulations, it is verified that the presence of the bias wires and circular rings 
has negligible effects on the antenna performance in terms of impedance matching, radiation 
pattern and efficiency. 
 








In the 2×2 C-band array in Figure 10 (b), each antenna element is fed by a microstrip line 
along the diagonal direction. The coax-to-microstrip transition is located at the corner of the 
S-band antenna element. As discussed in Error! Reference source not found., when Ports 
c2 and  c3 (c4 and c5) are set to 0° (180°), the radiations from the four C-band antenna 
elements cancel in the vertical direction, and therefore the 2×2 C-band array exhibits 
horizontal polarization. Similarly, vertical polarization state can be realized by setting 0° 
(180°) to c3 and c4 (c2 and c5).  
At S band, in order to apply the similar diagonal feeding method, each S-band antenna 
element as shown in Figure 10 (a) needs to be fed in the diagonal direction as well. However, 
this arrangement will make the microstrip lines for each band overlap if the same microstrip 
feeding mechanism is adopted for S band.  In this design, we use two microstrip arms 
perpendicular to each other to create an equivalent diagonal feeding. As shown in Figure 10 
(b), the coax-to-microstrip transition for the S-band antenna is located at the center of the 
antenna.  One stepped-impedance microstrip line is positioned below the feeding point and 
another one is on the right hand side. The resulting polarization of the S-band antenna in 
Figure 10 (b) is along the 135° line in between the two arms. For the 2×2 S-band array shown 
in Figure 10 (a), the two arms of each feeding are arranged to exhibit similar diagonal feeding 




Figure 12: E-field distribution at 2.5GHz of Antenna I-IV. 
In order to illustrate the operation mechanism of the diagonal feeding, the E field 
distributions of a square slot-ring antenna with four different feeding methods are shown in 
Figure 12. The microstrip feeding line and the slot inside the ground plane are located on the 
opposite sides of the antenna substrate. In Antenna I, the coaxial line connects to the 
microstrip line at the edge of antenna, which represents the classic method. In Antenna II, the 
coaxial line connects to the microstrip lines at the center of the antenna. The E field 
distributions of Antennas I and II are very similar. The maximum E field locations are on left  
 Antenna II  Antenna I 
 Antenna III  Antenna IV 
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and right sides of the slot-ring antenna and therefore create a horizontal polarization. Antenna 
IV is fed with a microstrip line from the diagonal direction, resulting in a polarization along 
45°, as indicated by the maximum E fields at the bottom left and top right corners. The same 
E field distributions can be achieved by using the dual-arm feeding shown in Antenna III. 
These four different methods can achieve similar FBW when the length of the feeding lines is 
optimized respectively, as shown in Figure 13. 
 





3.2.2 Arraying Technique 
 
Figure 14: (a) 2×2 S-band/4×4 array. (b) Vertical polarization from this array. (c) Horizontal 
polarization from this array. 
In the antenna array demonstrated herein, each S- or C-band array element exhibits a LP 
along the diagonal direction (either + or – 45o). Then by feeding antenna ports with proper 
phases, different polarization states at the array level can be realized.   
In Figure 12 (a), a slot-ring antenna is excited using four different methods, in which a LP 
along the diagonal direction can be realized using the feeding structures of Antenna III and 
IV. For the shared-aperture switchable-band array Figure 10 (a), both diagonal feeding 
methods should be used to avoid the overlap between the feeding lines for the S- and C-band 
antennas. These four different methods can achieve similar FBW when the length of the 
feeding lines is optimized respectively, as shown in Figure 12 (b).  




b1: 0° c1: 0° 
d1: 180° 
a1: 0° 







In order to illustrate the new arraying technique, a 2×2 S-band array can realize V or H 
polarization state by setting appropriate phases at ports a1-d1 as shown in Figure 14. The 




3.2.3 Antenna Aperture and Feeding Design 
 
Figure 15: E-field magnitude distribution of the S-band antenna at (a) 2.1 and (b) 3.2GHz. S11 
of the S-band antenna with different (c) Wf1 and (d) Lf1. (All dimensions are in mm.) 
As shown earlier, classic square slot-ring antennas exhibit very limited FBW (<10%). In [31], 




















































result, FBWs up to 66.7% (one octave bandwidth) can be realized. If one simply uses the 
proposed arraying technique for the antennas in [31], [59], then the entire antenna aperture 
needs to be mechanically rotated by 45° when the operational frequency band is switched, 
which is undesirable for most applications and has been described in [61]. Therefore, new 





Figure 16: S11 of the S-band antenna with different (a) Wm3 and (b) Wm1 of microstrip feeding 
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Figure 17: E-field magnitude distribution of the C-band antenna at (a)5 and (b)7.2GHz.  S33 
of the C-band antenna with different (c) t, (d) Wmc1 and (e) Wmc2. (All dimensions are in mm.) 
The design procedure and parametric sweep regarding the antenna aperture and feeding line 
are illustrated in Figure 15- Figure 16 (S-band) and Figure 17 (C-band), respectively. 
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For the S-band antenna, the perimeter of the large slot-ring as shown in Figure 15(c) with 
Lf1=0, Wf1=0 is equal to one guided wavelength at approximately 2.4 GHz. Similar to the 
concept presented in [62], [63], when the slot size Lf×Wf increases, the resonant frequency of 
the large slot-ring decreases accordingly. In addition, another resonance is created within the 
S band. The electric field distributions as shown in Figure 15(a) and (b) confirm that both 
resonances exhibit maximum electric field at the top right and bottom left corners, which 
correspond to linear polarization along the diagonal direction. In order to understand the 
effects on the resonant modes from Lf1 and Wf1, parameters sweeps are performed and 
presented in Figure 15 (c) and (d). As shown in Figure 15 (c), when Wf1 is fixed to 11 mm, 
Lf1 of 5 mm can provide strong resonances at the both resonant modes. Then Lf1 is fixed to 
5 mm and Wf1 is studied by performing another parameter sweep. It is observed in Figure 15 
(d) that Wf1 has less impact on reflection coefficient. Wf1 of 11 mm can provide the best 
result in terms of exciting both modes. 
The next step is to further improve the impedance matching of the S-band antenna using 
designing the stepped-impedance microstrip feeding lines. For S-band, two perpendicular and 
identical arms are used to provide the linear polarization along the diagonal direction. The 
length of each arm is set to 28 mm as shown in Fig. 1. In our study, it was found that the 
length of each arm needs to be longer than half of the lateral dimension of the S-band antenna 
in order to provide good impedance matching. First, Wm2(Wm1) is set to 1.2(0) mm. The 
effects from Wm3 are presented in Figure 16(a). As shown in this figure, smaller Wm3 
values exhibit better impedance matching. Wm3 of 0.1 mm is chosen since it can provide 
best impedance matching and this dimension can still be fabricated in standard PCB 
processing. Though the impedance matching at both resonances has been significantly 
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improved, the matching between the two frequencies is still above -10 dB. In Figure 16(b), it 
is shown that Wm1 of 16 mm can achieve S11 below -10 dB for the entire S band. 
After determining the geometry of the radiator in the S-band state, a modified fractal shape is 
added into the C-band radiation aperture as shown in Figure 17(c). Similar to the S-band 
state, the two resonances at C band are equally excited when t is set to 1 mm and their field 
distributions are shown in Figure 17(a) and (b). A two-stage stepped-impedance microstrip 
feeding line is used to excite the C-band antenna. Shown in Figure 17(d), when Wmc2 is 
fixed to 1.8 mm, smaller Wmc1 values lead to better impedance matching in general. Wmc1 
is chosen to be 0.6 mm with a balance between impedance matching and frequency 
bandwidth. Then Wmc1 is fixed to 0.6 mm and Wmc2 is parametrically studied in Figure 
17(e). When Wmc2 is equal to 1.2 mm, S33 is below -10dB from 4.5 to 7.2 GHz.   
It is noted that the value of t slightly modifies S11 in the S-band state. Therefore, a second or 
third iteration might be needed to fine tune the impedance matching for both bands. The 
design procedure of this reconfigurable slot-antenna antenna array is divided into six steps as 




Figure 18: The flow chart for designing a reconfigurable slot-ring antenna array which can 
operate at two adjacent bands. 
Step1: Design the lower 




Step2: Change the size of large 
fractal shapes (Lf1 and Wf1) for 
the S-band element.  
Step3: Optimize the dimension 
of S-band microstrip lines 
(Wm1, Wm2 and Wm3).  
Step4: Change the size of small 
fractal shapes (t) for the C-band 
element.  
Step5: Optimize the dimension 
of C-band microstrip lines 
(Wmc1 and Wmc2).  
Step6: Achieve desired 
bandwidth.  





3.3 Antenna Fabrication  
 
Figure 19: (a) Radiation aperture and (b) feeding lines. (c) Ground Plane I using an FR4 
board with copper cladding on one side. (d) Ground Plane II using a copper sheet. (e) Coax 
feeding through the two ground planes. (f) Zoom-in view of coax connection and bias wire. 
 (a)  (b) 
 (c)  (d) 




Figure 20: (a) Top, (b) bottom and (c) side view of assembled antenna array. 
The radiation aperture and the feeding lines are etched on both sides of a 31-mil-thick Rogers 
RT/Duroid 5880 substrate (εr=2.2 and tanδ=0.0009) as shown in Figure 19(a) and (b). 20 
round holes with a diameter of 0.68 mm are drilled in the 5880 substrate to allow the inner 
conductor of the coax lines to pass through. 32 PIN diode switches are mounted on the 
radiation aperture using silver paste (SPI 05002-AB from Structure Probe, Inc.).   
In this design, two ground planes, I and II, are designed and pressed against each other to 
serve as the backside ground plane shown in Figure 10(c). Ground plane I is built on an FR4 
board with copper cladding on one side as shown in Figure 19(c). 20 holes with a diameter of 
1 cm are drilled inside Ground plane I to allow the SMA connectors to pass through. Ground 
plane II contains 16 rectangular slots surrounding the PIN diode switches and 20 holes with a 




diameter of 3 mm using a copper foil as shown in Figure 19(d). When the two ground planes 
are pressed together, an OR function is essentially performed (Figure 19(e)). The equivalent 
backside ground plane has only 20 holes with 3 mm diameter which is same as the outer 
conductor diameter of the coax lines. This arrangement can minimize the energy leakage 
through the backside ground plane. 
The 20 coax lines are first inserted through the holes in Ground plane II and then soldered to 
the radiation aperture as shown in Figure 19(f). The inner conductors of the coax lines pass 
through the 5880 substrate and are soldered to the microstrip feeding lines. A varnished 
biasing wire with a diameter of 0.17 mm is soldered to the radiation aperture as shown in 
Figure 19(f) and passes through the ground planes along with the coax line next to it. The 
paint coating on the wire isolates the DC voltage on the wire from the outer conductor of the 
coaxial lines. Ground plane I is now mounted by passing all 20 coax lines through it. To hold 
the antenna together, support structures are designed in Solidworks and built using a 3D 
printer. The material used in 3D printing is PLA filament made with premium carbon black 
colorant. As shown in Figure 20(g)-7(i), the mounting structure is composed of five parts, 
four arms and one backside plate. The four arms have slots to hold the backside plate, the 
radiation aperture and the backside ground plane together. 20 hexagonal holes on the 
backside plate are designed to prevent the SMA connectors from rotation when they are 
tightened. 
 When a need to replace PIN diode switches arises, Ground plane I can be easily removed and 
repair can be done through the rectangular slots in Ground plane II without re-soldering the 
coax lines to the radiation aperture.   
39 
 
3.4 Measurement Results  
3.4.1 Return Losses And Mutual Coupling  
 
Figure 21: Simulated and measured (a) SA1A1/SB1B1/SC1C1/SD1D1 at the S-band state and (b) 
SA2A2/SA3A3/SA4A4/SA5A5 at the C-band state; simulated (c) S11 and active S11 at the S-band 
state, (d) S22/S33/S44/S55 and active S22/S33/S44/S55 at the C-band state. 
First, the return losses at S-band ports are measured. When the PIN diode switches are OFF, 
























 (a)  (b) 
 (c)  (d) 
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coefficients for all the S-band ports are below -10dB from 2.55 to 4.0 GHz. Then the return 
losses at C-band ports are measured. As shown in Figure 21(b), the reflection coefficients of 
the four C-band ports (a2-a5) inside one antenna are below -10dB from 4.2 to 7.2 GHz when 
switches are ON (C-band state). The active S parameters at both S and C bands are simulated 
and presented in Figure 21 (c) and (d). It is apparent that the impedance matching of all 
antenna ports is still maintained within the operational bandwidth when the active S 
parameters are concerned.  
 
Figure 22: Sim. and meas. SA1A2, SA1A3, SA1A4 and SA1A5 at (a) S-band and (b) C-band state. 
The important mutual couplings inside the S-/C-band array are presented in Figure 22 (a)-(b) 
and Figure 23. When the antenna operates at S band, the energy coupled from the S-band port 
to the C-band ports is considered as loss. As shown in Figure 22 (a), the mutual coupling 
level is below -10 dB at 2.5-3.0 GHz and below -18 dB at 3.0-4.0 GHz. Figure 22 (b) shows 
the couplings from 4 C-band ports to the S-band port within the same aperture. The measured 
mutual coupling level between the C-band ports and the S-band port is below -12 dB at the C-
 (a)  (b) 
 Sim. SA1A2   Sim. SA1A4
 Sim. SA1A3/ Sim. SA1A5
 Meas. SA1A2   Meas. SA1A3  
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band state as shown in Figure 22 (b). 
 
Figure 23: Simulated and measured (a) Sa1b1/Sa1c1/Sa1d1/Sb1c1/Sb1d1/Sc1d1 at the S-band state; (b) 
Sa2a3/Sa2a4/Sa2a5; (c) Sa3a4/Sa4a5/Sa3a5; (d) Sa4b4/Sa4c4/Sa4d4/Sb4c4/Sb4d4/Sc4d4 at the C-band state. (e) 
Sa1b2/ Sa1b3/Sa1b4/Sa1b5/Sa1c2/Sa1c3/Sa1c4/Sa1c5/Sa1d2/Sa1d3/Sa1d4/Sa1d5 at the S-band state; (f) 
Sa2b1/Sa2c1/Sa2d1/Sa3b1/Sa3c1/Sa3d1/Sa4b1/Sa4c1/Sa4d1/ Sa5b1/Sa5c1/Sa5d1 at the C-band state. 
 (a)  (b) 
 (c)  (d) 
 (e)  (f) 
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Figure 23 (a) presents the mutual coupling among the four S-band ports. All of them are 
below -17 dB (for most part it is less than -20 dB). These mutual couplings are already 
included in the active S parameter at S band. Figure 23 (b) and (c) present the mutual 
coupling among the four C-band ports inside the same S-band aperture. Figure 23 (d) 
presents the mutual coupling between the 4 C-band ports (a4, b4, c4, and d4) but in different 
S-band apertures. These C-band ports are closest to each other which should represent the 
worst case. All couplings are below -16 dB. In addition, All couplings in Figure 23 (b)-(d) are 
taken care in the active S parameters at C band. The couplings shown in Figure 23 (a)-(d) do 
not represent losses. Figure 23 (e) presents the coupling from one S-band port to other C-
band ports not within the same aperture when the antenna operates at S band. Figure 23 (f) 
presents the coupling from one C-band port to other S-band ports not within the same 
aperture when the antenna operates at C band. These couplings do represent losses, however, 
at much lower levels compared to those shown in Figure 22 (a)-(b). 
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3.4.2 Radiation Pattern  
 






In order to generate the required phase for each antenna element in this diagonally-fed array, 
commercial wide-band power dividers and 180° hybrids are used. At S-band state, one two-
way power divider (RFLT2W2G08G from RF-Lambda) and two 180° hybrids 
(RFHB02G08GPI from RF-Lambda), as shown in Figure 24(a), are used to provide two in-
phase and two out-of-phase signals. At C-band state, one two-way power divider 
(RFLT2W2G08G from RF-Lambda), four four-way power dividers (RFLT4W2G08G from 
RF-Lambda) and two 180° hybrids are used to generate eight 0° and eight 180° signals to 
excite the 4×4 C-band array as shown in Figure 24(b).   
 











































































































Figure 26: Simulated and measured E-/H-planes at (a) 5 and (b) 6 GHz at the C-band state. 
This antenna array is symmetric in geometry in both vertical and horizontal polarization 
directions. Therefore, the radiation pattern measurements are only performed for one 
polarization state. Two frequency points in each operating state are chosen to illustrate the 
co-polarization (Co-pol.) and cross-polarization (X-pol.) patterns in both E and H planes, 
which are normalized and plotted in dB scale. As shown in Figure 25-Figure 26, the main 
beam of all radiation patterns is towards the boresight. At S-band, the X-pol. levels are 10 dB 
below the Co-pol. levels at the boresight. At the C-band state, the X-pol. levels are 23 dB 
below the Co-pol. Levels at the boresight. In HFSS simulations, the X-pol. levels at S band 
are very low. The relatively high X-pol. levels at S band in measurement could be due to the 
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scattering from the supporting structure and feeding network surrounding the antenna since 
the S-band antennas are much larger and closer to the edge of antenna aperture. In general, 
the agreement between the simulation and measurement results is very good.   
3.4.3 Realized Gain  
 
Figure 27: Simulated and measured realized gain as well as simulated overall efficiency at the 
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In the measurement of realized gain, the Agilent performance network analyzer (N5230A) is 
calibrated using SOLT standards (Keysight 85052D calibration kit). The losses inside the 
entire feeding network are measured and de-embedded when the realized gain are calculated. 
As shown in Figure 27(a)-(b), the measured realized gain is above 5.7 (11.5) dBi in the 
operating frequency range of 2.55-4.0 (4.2-7.2) GHz and agrees with the simulation very 
well. The simulated overall efficiency is 55-80% (60-82%) at the S(C)-band state. The 
overall antenna efficiency represents all losses inside the antenna aperture include the losses 
inside metal, dielectric material, switches, return loss and losses due to the mutual coupling 
between ports.   
3.4.4 IIP3 Measurement 
 




Figure 29: (a) Measured IIP3 in the C-band state and S-band state with (b) 10V reverse 
biased, (c) 25V reverse biased, (d) 50V reverse biased. 
The 3rd-order intercept point at input (IIP3) is measured to characterize the nonlinearity 
performance of the antenna array since there are switches in the antenna aperture. As shown 
in Figure 28(a), two signals with 20 kHz frequency offset are combined by power combiner 
and then fed to the antenna under test (AUT). Two isolators (RFLI-301-4 for the S band and 
RFLI-402-4 for the C band from RF-LAMBDA) are inserted in the signal paths to prevent 
the intermodulation products from the interaction between the two signal generators (E8257d 
from Keysight) due to the reflection from the power combiner. The reference plane for the 
input of the AUT is illustrated as the dashed line in Figure 28(a).   
 (a)  (b) 
 (c)  (d) 
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At C band, all the switches are forwarded biased with 10 mA to create a short circuit. The 
output power for the fundamental signal and IP3 component is illustrated in Figure 29(a). The 
IIP3 is found to be 47.9 dBm at 6 GHz. At S band, all the switches are reverse biased with 10, 
25, and 50 V, respectively. As shown in Figure 29(b)-(d), IIP3 is measured at 2.5 GHz and 
found to be 45.2 dBm (10V), 52.6 dBm (25V) and 58.6 dBm (50V), respectively.   
3.4.5 Beam STEERING Capability 
 






















Figure 31: Simulated and measured radiation patterns for a 2×2 S-band array scanning at 3 
GHz along (a) Y-axis and (b) X-axis. Simulated and measured radiation patterns for a 4×4 C-
band array scanning at 5 GHz along (c) Y-axis and (d) X-axis. 
At either operation band, this array can scan the beam with arbitrary polarization along any 
direction. Since wide-band phased shifters are unavailable in our lab, multiple 60°-long delay 
lines at 3 GHz are fabricated and used to provide the appropriate phase at each antenna port 
as specified in Figure 30. Since this array is symmetric regarding V or H polarization, only 
 (a)  (b) 
 (c)  (d) 
 y 
βa=0°, βb=60° 
βc=N/A, βd= N/A 
  
βa=60°, βb=0° 










the beamsteering for V pol. is demonstrated. In Figure 31 (a)-(b), beamsteering at 3 GHz to 
10° in E plane and 15° in H plane is presented through simulations and measurements. 
Multiple 60°-long delay lines at 5 GHz were also used to realize the beamsteering to 15° in E 
plane and 20° in H plane as shown in Figure 31 (c)-(d).  
 
Figure 32: The 2×2 S-band array (a) polarizes along X-axis and scans along Y-axis and (b) 
polarizes along Y-axis and scans along X-axis at 3GHz. (c) Independent dual-beam scanning 
at 3 GHz. 
 
a1: 180° 
b1: 0° c1: 0°+60° 





b1: 0° c1: 120° 
d1: 240° 





To demonstrate the possibility of scanning multiple beams independently, a V-pol. beam 
scans in the horizontal direction (Figure 43 (a)) and an H-pol. beam scans in the vertical 
direction (Figure 43 (b)). When each port of the array is applied with the vector sum of the 
signals of the corresponding port in Figure 43 (a)-(b), two independent beams can occur at 








Figure 33: (a) Active S11 in the S-band state vs. different scan angles. Active (b) S22, (c) S33, 
(d) S44 and (e) S55 in the C-band state vs. different scan angles. 
The simulated active S parameters for the 2×2 S-band/4×4 C-band array with different scan 








port is below -10dB when the beam scans in the E plane. However, in the H plane, the active 
S11 rises up to -6 dB when beam scans to 35o. In Figure 33 (b)-(e), the active 
S22/S33/S44/S55 for the C-band ports remain below -10 dB in the actual operation 
bandwidth at different scan angles in both E and H planes. The active S parameters at some 
frequency points rise up to -5 dB when the beam scans in the E plane. This deterioration in 
active impedance matching is typical in all phased array antennas and is acceptable for most 
applications. 
3.4.6 Circular Polarization Capability 
 










Figure 35: axial ratio for LHCP and RHCP at boresight direction at  (b) S- and (c) C-band 
state; simulated RHCP radiation pattern along the xz plane (d) at 2.6 and (e) 3.5 GHz in the  
S-band state, (f) at 5 and (g) 6 GHz in the C-band state. 
 RHCP
 LHCP
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 (c)  (d) 
 (e)  (f) 
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In addition to dual linear polarization (LP) states, this diagonally-fed antenna array can 
support circular polarization (CP) operating state by providing proper phases for each antenna 
port without modifying the antenna aperture. As illustrated in Figure 34(a), when the antenna 
ports for S or C band are sequentially fed with a 90 degree phase difference in the counter-
clockwise direction, right-handed circular polarization (RHCP) can be realized. Similarly, 
left-hand circular polarization (LHCP) can be achieved by feeding the ports with a 90 degree 
phase difference in the clock-wise direction. Figure 35(a)-(b) present the simulated axial 
ratios (ARs) at S and C bands. It is observed that the ARs are below 0.2 dB at S band and 0.8 
dB at C band. The radiation patterns at 2, 3.5, 5 and 6 GHz were simulated in HFSS and 




3.5  Comparison With State Of The Art 















Num. of ports per 
antenna element 
[31] Switchable Slot-Ring 1.8-3.5/4.4-8.8 64.2%/66.7% >53 Dual-Pol 5dB 2 
[32] No Slot-Ring 3-12 120% N/A Dual-Pol 18dB 2 
[34] No Slot-Ring 2.25-2.58 13.7% N/A Dual-Pol None 1 
[40] No Patch 2.1-6.0 96.3% N/A Single-Pol None 1 
[41] Switchable Dipole 1-2/2-4 66.7%/66.7% N/A Single-Pol None 1 
[42] No Dipole 6-18 100% N/A Dual-Pol 18dB 2 
[45] No Vivaldi 3.8-8.6 77.5% N/A Dual-Pol 20dB 2 
[53] Switchable Dipole 3.2-4.0/4.4-5.7 21.7%/25.0% N/A Dual-Pol 17dB 2 
[58] Tunable Slot-Ring 0.9-1.6 1% -5-30 Dual-Pol 14dB 2 





In Table 1, this work is compared with other wideband antenna arrays or reconfigurable 
antenna arrays which can cover a wide frequency range. First, it is noted that if each antenna 
element has only one port, then a single CP or LP can be realized. All these dual LP antenna 
arrays require two ports, one for each polarization state. Therefore, port isolation between the 
two orthogonal ports is critical to improve the antenna efficiency. The antenna array 
investigated in this paper has one port for each element but can support dual LP and CP 
states. Second, compared with non-reconfigurable designs, the switchable antenna arrays do 
not require ultra-wideband T/R modules and can maintain similar element spacing in terms of 
electrical size at each frequency band. For antenna arrays with 3:1 or 4:1 frequency ratio, in 
order to maintain half wavelength spacing at the highest frequency, the element spacing must 
be much smaller than half wavelength at the lowest frequency, which results in over-
population of T/R modules. The instantaneous fractional bandwidths at S and C bands are 
44.3% and 52.6%, respectively, which are slightly less than one octave bandwidth. Compared 
with [41], the presented antenna array here can support more polarization states. While the 
antenna array in Error! Reference source not found. needs two ports for each antenna 
element and exhibit poor port isolation. 
3.6  Conclusion 
A novel diagonal feeding method has been demonstrated in a wide-band slot-ring antenna 
array which can be switched between S- and C-band operational states. This type of feeding 
mechanism can significantly reduce the number of antenna ports and therefore lower the cost 
for a large phased array using this antenna structure. In addition, this reconfigurable antenna 
array can support dual linear polarizations as well as dual circular polarizations by feeding 
antenna ports with proper phases. This flexibility in polarization state allows this antenna 
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array to be used for multifunctional systems with minimum hardware complexity. The 
realized gain of this wide-band antenna array is shown to be 7.4-10.4 dBi at the S-band state 
and 10.9-14.2 dBi at the C-band state. The IIP3 of the antenna element is above 45 dBm at 
the worst case scenario. The instantaneous bandwidth is slightly less than one octave 
bandwidth which can be enhanced in future research.   
60 
 
CHAPTER 4: A Dual-Wideband AMC with a Reconfigurable Antenna 
Array Element for Gain Enhancement and Octave Bandwidth Coverage 
4.1 Introduction 
Antenna arrays with wide fractional bandwidth (FBW) [64]-[67] or polarization diversity 
[68]- [71] are highly desirable in next-generation communication systems with the benefit of 
high data rates and resistance to multipath fading. 
Most of such wideband dual-polarized antenna arrays use a ground plane to achieve 
unidirectional radiation patterns [72]-[77]. Tightly-coupled dipole arrays (TCDA) with up to 
1:10 frequency ratio were reported in [72]-[74]. Bowties with up to 1:4 frequency ratio were 
demonstrated over a ground plane [75]-[77]. It is noted that the variation of realized gain 
across the entire frequency range is quite large. One of the main issues is that the distance 
between the antenna and ground is fixed, however, represents quite different electrical 
wavelengths at the lower and higher ends of the operation frequency. Recently, antenna 
arrays which can switch between adjacent frequency bands and cover the entire band are of 
great interest since they can support multifunctional systems within the same antenna 
aperture.  
Compared with ultra-wideband antenna arrays [72]-[77], high-performance T/R modulus for 
specific frequency bands can be used. A switchable-band slot-ring array was demonstrated in 
chapter 3, we demonstrated a reconfigurable wideband dual-polarized antenna array, showing 
a dual-wideband bandwidth.  Each operation bands exhibits approximately 1:2 frequency 
ratio coverage. Since the metal ground plane is close to the radiation aperture, the 
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aforementioned issue occurs, creating a dip on the boresight radiation pattern at lower 
frequency (2.0-2.5GHz) of the lower band.  
The electromagnetic bandgap structure (EBG) can have a flexible phase response across the 
frequency [78]-[82], showing the potential to address this issue. Specifically, AMC, as one 
type of EBG structures, can provide in-phase reflection over a wide frequency range and 
therefore antennas can be placed over AMC without being shorted. Near octave bandwidth 
[83]-[85] were demonstrated for patch, dipole or spiral antennas. Alternatively, dual-band 
antennas can be realized using AMC structures [86]-[89].  
In this chapter, an AMC layer is added in between the slot-ring aperture and ground plane. 
This AMC allows S-band signals to pass through while blocking the C-band signals. At the 
center frequency of each band, the equivalent electrical thickness of antenna is approximately 
one quarter wavelength. Each antenna element is fed from the diagonal direction. By 
controlling the phase of each port, either vertical (V) or horizontal (H) polarization states can 
be achieved. Therefore, the mutual coupling between the two orthogonal ports inside an 
antenna element for a traditional dual-polarized array is completely eliminated. In addition, 
extra PIN diode switches are incorporated into microstrip feeding lines to further improve the 
isolation between the ports for different frequency bands. Ultimately, the overall efficiency 
and realized gain of this switchable-band antenna array can be significantly improved. 
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4.2 Antenna Aperture Configuration 
 
Figure 36: (a) Schematic of the S-band element/ the 2×2 C-band antenna array. (b) A zoom-in 
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Figure 37: Side view of the 2×2 S-/4×4 C-band array. 
W=42, Lm1=11.17, Lm2=8.6, Lm3=11.7, Wm1=0.35, Wm2=0.1, Wm3=0.5, Lf=5.25, Wf=9.3, 
t1=0.73, t2=0.42, Ws1=1.2, g1=1.3 ,g2=0.2, g3=0.5, g3=3.2, d1=1.3 , d2=0.2, d3=7.1, 
fc1=6.23, fc2=1.6, fc3=4.0, fc4=1.8, fc5=2.2, fc6=1.85, fc7=2.5, fc8=1.66, fc9=2.3, wc1=1.47, 
wc2=3.26, wc3=1.2, wc4=3.89, wc5=2.25, wc6=2.5, wc7=3.6. (All dimensions are in mm.) 
The geometry of this S-band antenna/2×2 C-band array is illustrated in Figure 36 (a) with a 
zoom-in view of the C-band element being shown in Figure 36 (b). The metal for the slot-
ring is shown in blue color and the microstrip feeding lines are in grey. An AMC surface and 
a copper plate are placed below the slot-ring as shown in Figure 37. A microstrip to coax 
transition is used here to bring the feeding port to the backside, which allows electronics to be 
placed behind the ground plane. 
Eight PIN diode switches, shown in purple dashed boxes in Figure 36 (a), are used to control 
the frequency band of operation. When they are turned ON, the antenna aperture is 
electrically divided into four smaller fractal-shaped slot-rings, forming a 2×2 C-band array. 
Alternatively, when they are turned OFF, all the slots are connected to form resonances at S 
band. The theory of designing fractal-shaped slot-ring was presented in [31]. The specific 









ring resonance around 2 GHz. (2) Wf×Lf dimensions are chosen to form a higher-order 
resonance around 3.5 GHz. (3) By tuning microstrip line dimensions (Lm1, Lm2, Lm3, Wm1, 
Wm2, Wm3), stubs in the aperture (wc5, wc2) and the meander lines (g1-g4) which are connected 
to the outer conductor of the S-band coaxial line, the S-band antenna can cover 2-4 GHz. The 
meander lines serve as the ground plane for the microstrip lines. (4) At C-band state, the 
lateral dimensions of the C-band element determine the fundamental resonance around 
4.5GHz and dimensions (wc4, wc7) can provide a higher order resonance around 7 GHz. (5) 
By tuning the feeding lines (Lm4, Wm4), L-shaped strip (d1, d2, d3) and stubs (wc2, wc5, fc1, fc2), 
the C-band antenna can cover 4-8 GHz. (6) Several iterations of steps (1)-(5) are necessary to 
cover the entire S and C bands. 
To explain the biasing scheme, the metals in the antenna aperture are illustrated in different 
colors shown in Figure 36, with each color representing a different bias voltage. The S-band 
slot-ring contour and the S-band feed lines (blue) are connected to a voltage source (V1) 
through the bias wire at the right bottom corner. Part of the C-band slot-ring contour and the 
C-band feeding lines (orange) are connected to ground through the outer conductor of the 
coax lines at Ports 2-5.  Bias voltages V2 and V3 are provided through the center conductor of 
Port 1 and Ports 2-5, respectively. The metals in yellow are floating. At six locations, 10-kΩ 
resistors are used to bring the same voltage to the metals on their both sides while minimize 
the impact on RF performance. This biasing scheme can independently turn ON/OFF the 
switches within the same category.   
As shown in Figure 36 (b), two PIN diode switches are inserted in the S-band feeding lines 
while one switch is used for each C-band port. They are turned ON only when the respective 
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ports are used for operation. It is found that these switches can provide approximately 20(10) 
dB higher isolation at S(C) band 
4.3 Arraying Technique 
In chapter 1, the authors presented a new arraying technique to realize either V or H 
polarization at the array level while each antenna element exhibit linear polarization along 
±45°. This arraying technique is adopted for the antenna in this paper with the benefit of 
reduced number antenna ports (50% reduction) for a dual-polarized antenna array. Therefore, 
the otherwise unavoidable mutual coupling between the orthogonal ports of an array element 
in a traditional dual-polarized array is eliminated. The operation mechanism of this arraying 
technique is explained as follows. At C-band state, the phase at Ports 2, 3 is 180° different 
from that at Ports 4, 5. Since the four C-band elements are fed from ±45° and ±135°, the 
vector sum of the radiation from all array elements adds up in the vertical directional and 
cancels in the horizontal direction, representing V polarization state. Similarly, H polarization 
state can be realized when the phase of Ports 2, 5 is 180° different from that of Ports 3, 4. The 
S-band antenna element is fed by two microstrip lines which are symmetric with respect to 
the 45° line, which gives rises to a linear polarization along 45°. The same arraying technique 
can be used for S-band array when the antenna presented herein is used to form a large array. 
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4.4 AMC Layer Design 
 
Figure 38: AMC surface (no ground plane on the back) geometry, equivalent circuit and S 
parameters. Wg=0.72, Ws=6.78, Wi=5.08. (All dimensions are in mm) 
As shown in Figure 38, periodic square loops [90] are used to form the AMC surface which 
exhibits a bandstop resonance similar to that from a series LC network in parallel with the 
main transmission line. The AMC layer is designed on a 31-mil-thick Rogers RT/Duroid 
6002 substrate (εr=2.9, tanδ=0.0012). A unit cell is simulated in ANSYS High Frequency 
Structure Simulator (HFSS) using the periodic boundary condition. A resonance occurs at 
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Figure 39: AMC (with ground on the back) geometry, equivalent circuit and S11 phase. 
d1=13, d2=8. (All dimensions are in mm) 
The entire AMC structure of the antenna is illustrated in Figure 39 (a). It can be modeled as a 
transmission line terminated with a short while a series LC network is loading the 















shown in Figure 39 (b) suggests that the reflection phase is 0° at 2.8 and 6.6 GHz, 
respectively. If the AMC structure is not used, the reflection phase will change within a much 
larger range phase from 2 to 8 GHz. Particularly when the reflection phase is 180°, the 




4.5 Experiment Result 
4.5.1 Antenna Fabrication 
 
Figure 40: (a) Top view and (b) bottom view of the antenna aperture, (c)AMC surface, (d) 
bottom view and (e) side view of the assembled antenna. 
 (a)  (b) 




Both sides of the substrate (Rogers RT/Duroid 6200 and 31mil thickness) are etched as 
shown in Figure 40(a) and (b). Six PIN diode switches are placed on the microstrip feeding 
lines, which locates at the top side of the layer shown in Figure 40 (a). And eight PIN diode 
switches are soldered on the radiation aperture radiation aperture, which is at the bottom side 
shown in Figure 40 (b). Five holes with diameter 0.4mm is drilled on the substrate to allow 
the inner conductor of the coax line to go through. Another six holes with diameter 0.2mm 
are metalized and connect the 10K bias resistors and radiation aperture. 
The FSS is etched on one side of the substrate (Rogers RT/Duroid 6200, εr=2.9 tanδ=0.0012 
and 31mil thickness) as shown in Figure 40 (c). It is placed 13mm below the radiation 
aperture. A copper plate is also placed 8mm below the FSS layer, operates as a ground plane. 
Five holes with diameter 1.2mm are drilled on FSS substrate and copper plates to let the coax 
lines pass through. The copper plates are connected to the outer conductor of the coax by 
using copper tapes as show in Figure 40 (d), preventing power leakage to the backside. 
However, the FSS elements are isolated to the outer conductor of the coax with iso spray, 
avoiding the undesirable effects on the FSS. The five coax lines go through the copper plate 
and FSS layer, then solder on the radiation aperture. The inner conductor of the coax lines 
pass through antenna substrate and is soldered on the microstrip feeding lines.  
As shown in Figure 40(d) and (e), four black cubes are built up to hold the antenna substrate, 
the FSS layer and the copper plate. A black square plate is designed to assemble the four 
cubes, so that the entire structure can be mounted inside the antenna chamber during 




4.5.2 Measurement Results 
 
Figure 41: Simulated and measured (a) S11, (b) S21/S31/S41/S51 at S-band state. (c) Active 
S22/S33/S44/S55 at C-band state. Simulated and measured (d) S22/S33/S44/S55, (e) S12/S13/S14/S15 
at C-band state. 
 (a) 
 (b) 
 (c)  (d) 
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The simulated and measured S11 at S-band state is shown in Figure 41 (a). Within most of the 
2-4 GHz frequency range, the return loss is greater than 10 dB. S21/S31/S41/S51 at S-band state 
represents the energy coupled from Port 1 to the four C-band ports, which is considered as 
loss. Shown in Figure 41 (b), the mutual coupling level is less than -30 dB at most of the 
frequency range. The simulated and measured S22/S33/S44/S55 is presented in Figure 41 (d). It 
is shown that -10 dB matching is achieve in most of the 4-8 GHz frequency range. Active 
S22/S33/S44/S55 is simulated and plotted in Figure 41 (c), which shows good impedance 
matching when all four C-band ports are simultaneously excited. The good active impedance 
performance implies small mutual coupling among C-band ports. The coupling from Ports 2-
5 to Port 1 at C-band state is presented in Figure 41 (e). It is noted that the loss due to this 






Figure 42: Simulated and measured radiation patterns at (a) 2.2 and (b) 3.8 GHz at the S-band 















































































































Figure 43: Simulated and measured radiation patterns at (a) 4.8 and (b) 7 GHz at the C-band 









































































































The simulated realized gain at 2-4 GHz is 5-8 dBi as shown in Figure 42 (c). In the 
measurement, there is a dip in the gain around 3.5 GHz while at most of the other frequencies 
the measured gain agree well with the simulation. This dip is due to the widened radiation 
pattern around 3.5 GHz, which could be caused by imperfect assembly and antenna 
supporting structures.  The overall efficiency at S band is above 68% most of the frequency 
range, except for 3.1-3.2 GHz (above 50%). It is noted that at 3.5 GHz, the overall efficiency 
is approximately 75% which shows that the dip in gain is not due to loss. The simulated 
realized gain for the 2×2 C-band array is from 5-12 dBi in Figure 43 (c). The measured gain 
in general agrees with the simulation however, it drops to 2.5 dBi at a few frequencies. The 
simulated overall efficiency at C band is from 67 to 83%. The radiation patterns at 2.2 and 
3.8 GHz at S band and 4.8 and 7.2 GHz at C band are measured inside an anechoic chamber 
and compared with simulates in Figure 42 and Figure 43. The overall agreement between 
simulation and measurement is apparent. At 4.8 GHz, the measured pattern is wider than the 
simulation, which could also be due to the imperfect antenna assembly and supporting 
structures. The measured X-Pol. levels are 20/30dB lower than Co-Pol. at 2.2/3.8GHz at the 
boresight. The measured X-Pol. levels are 20 dB lower than the Col-Pol. at 4.8/7.0 GHz 
except for H-Plane X. Pol. at 4.8 GHz (-12 dB).  
 
4.6 Conclusion 
A switchable-band slot-ring antenna has been demonstrated to cover 2-4/4-8 GHz with an 
AMC structure. This antenna exhibits high overall efficiencies and good realized gain 
performance across the entire operation frequency, which are mainly due to the novel 
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arraying technique and improved feeding line design. This antenna has the potential to be 




CHAPTER 5: TRI-BAND DUAL-POL SWITCHABLE SLOT RING 
ANTENNA/ARRAY 
5.1 Introduction 
Phased arrays are widely used in many applications, such as radar systems or high-data-rate 
communication systems. A phased array with wide bandwidth, multiple-band coverage and 
polarization diversity can save the cost and time to design.  
In the chapter 2-4, we presented shared-aperture antennas with the new arraying technique, 
which can switch between S and C-band state. In this chapter, a similar shared-aperture 
antenna is proposed, which can support three operation states, in S, C and X band, 
respectively. PIN diode switches are placed on the surface of the antenna to reconfigure the 
S-band antenna element into a 2×2 C-band array or a 4×4 X-band array. 
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5.2 Antenna Configuration 
 
Figure 44: Geometry of the proposed tri-band slot-ring antenna. 
 
Figure 45: Side view of the proposed tri-band slot-ring antenna. 
The schematic view of the tri-band slot-ring antenna/array is shown in Figure 44 and Figure 
45. A copper plate is positioned below the radiation aperture to create a single-sided 
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backside of the ground plane, which is good for modular array. 40 PIN diode switches are 
placed across the surface of the antenna, which are divided into two groups, Group Ⅰ 
(highlighted with red square) and Group Ⅱ (highlighted with blue square). When the 8 group 
I switches and 32 group II switches are OFF, all the slot-rings are connected and a long 
meandering path is formed, making the antenna operate as an S-band slot-ring antenna. The 
antenna is fed by port S1, which can operate from 2.74 to 4.02GHz as shown in Figure 46(a). 
When the group I switches are ON and group II switches are OFF, the long meandering path 
for the S-band antenna element is divided into four smaller meandering slots, which makes it 
operate as a 2×2 C-band array. The C-band array is fed by ports C1-C4, which cover 4.08 to 
6.52 GHz as shown in Figure 46(b). When the group I switches and group II switches are 
ON, each of 16 small square slots is able to resonate individually, forming a 4×4 X-band 
array. This array is fed by ports X1-X16 and operates from 7.68 to 8.84 GHz as shown in 
Figure 46 (c).  
 
Figure 46: Simulated return losses for the antenna/array at (a) S-, (b) C- and (c) X-band states. 



























































Figure 47: Feeding configuration for vertical and horizontal polarizations. 
By utilizing the diagonal feeding method, the antenna is able to realize dual polarization. The 
details for the diagonal feeding method was described in [4]. In this paper, a center feeding 
method is used to support dual polarization. Two orthogonal microstrip lines are combined 
and connected to the coaxial line at the center of the antenna as shown in Figure 47. 
Therefore, a diagonal polarization is composed of two orthogonal polarizations, which is 
similar to the diagonal feeding method. As shown in Figure 47, when Ports C1-C2 are in 
phase and C3-C4 are 180° out of phase, the four antenna elements cancel each other in the 
horizontal direction, which results in a vertical polarization. Similarly, the antenna array can 
also realize horizontal polarization.  
 (a)  (b) 
C1 C2 









The S- and C-band antenna elements are fed with the center feeding method, and the X-band 
antenna elements are fed with the diagonal feeding method. Since all the S-, C- or X-band 
antennas are able to provide linear polarization in the diagonal direction, there is no need to 
rotate the array when switching among three operation states.  
5.3 Results And Discussions 
 
Figure 48: Radiation patterns at (a) 3.3GHz for S-band state, (b) 5GHz for C-band state and 
(c) 8.3GHz for X-band state. 
The fractional bandwidth (FBW) of the tri-band slot-ring antenna is 37.9% (2.74-4.02GHz), 
46.0% (4.08-6.52GHz) and 14.0% (7.68-8.84GHz) at S-, C- and X-band states, respectively. 
The simulated radiation patterns at S-, C- and X-band states are presented in Figure 48(a)-(c). 
The single S-band antenna shows 3.4-dBi boresight gain at 3.3GHz. It should be noted the 
single S-band antenna exhibits a linear polarization in the diagonal direction, therefore a 2×2 




S-band array is necessary to support vertical or horizontal polarization. The 2×2 C-band array 
has 4.7-dBi boresight gain at 5GHz. Finally the 4×4 X-band array exhibits an 8.3-dBi 
boresight gain at 8.3GHz. It is found that the main beam of the radiation pattern is always 
directed towards the boresight direction for all three operation states.  
5.4 Conclusions 
A reconfigurable tri-band dual-polarized fractal-shaped slot-ring antenna/array is presented. 
The S-band antenna can be reconfigured into a 2×2 C-band array or a 4×4 X-band array by 
appropriate selecting the states of the PIN diode switches. With the center feeding method, 




CHAPTER 6: SUMMARY 
The mutual couplings between the two polarizations for the wide-band switchable slot-ring 
antenna elements are addressed by using the proposed arraying technique. The array can 
maintain the dual LP with similar or better impedance bandwidth. The mutual coupling 
between the ports of the two polarization states is removed, and the number of ports is 
reduced by 50%, saving the cost on the electronics behind the array. Five designs are 
demonstrated in the previous chapters and summarized as follow: 
First, the new arraying technique is demonstrated in an S-band element/2×2 C-band array. 
Both the S-/C-band elements are fed by a microstrip line from the corner of the antenna to 
achieve diagonal polarizations. Fractal shapes are incorporated into the antenna geometry to 
achieve wide impedance bandwidth. The C-band array, having a diagonal feeding manner has 
been proven that it can support dual LP with relatively low cross-pol levels. However, the S- 
and C-band array cannot have diagonal polarization at the same time, so that the entire 
structure needs to be physically rotated by 45° when switching between two operation states.  
Secondly, in order to fix the above issue, a center feeding method is presented in Chapter 3. 
The S-band antenna elements is fed by two microstrip lines at the center of the antenna 
aperture. By combining the two microstrip lines, the S-band antenna can realize diagonal 
polarization. To accommodate the center feeding method, a new geometry is developed to 
achieve wide impedance bandwidth. A 2×2 S-band/4×4 C-band array with the arraying 
technique is fabricated, measured and compared to the simulation. Now, the S-band and C-
band element can have diagonal polarization at same time, so that the structure does not need 
to physically rotate while switching the operation states. Therefore, the band-switchable 
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shared-aperture array enable reconfigurable polarization states (V, H or dual circular 
polarizations) with one port on each array element. However, the boresight radiation has a 
null around the lower frequency of the S-band array, which is due to the bandwidth limitation 
of the copper ground. 
Thirdly, a dual-wideband AMC is co-designed with the aperture as a reflector to improve the 
radiation performance of the antenna array. By putting the AMC on the back of the array, the 
S-band antenna can have a relatively flat boresight gain, while the C-band array can still have 
a decent performance. Octave bandwidth coverage is achieved at both S and C-band states. 
Finally, a tri-band array is investigated to explore the potential of supporting S-/C- and X-
band. The arraying technique is implemented in the radiation aperture to enable the dual 
polarizations and reduce the ports number. A certain bandwidth for S-/C- and X- band are 
achieved and the radiation pattern is studied, proving that this structure is able to support tri-
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